• The use of barcoding to track lineages in 196 human CD34 1 CB clones in serially sampled primary and secondary transplanted NSG mice is described. • Detection of early transient clones with later, more stable clones and definitive evidence of sustained self-renewal of multipotency is presented.
Introduction
Hematopoiesis is a complex, hierarchically ordered, multistep process that originates in cells with latent differentiation potentialities that can be maintained through many divisions. 1 The features of this process have been inferred largely from studies of the in vitro or in vivo growth and differentiation properties of cells with distinct phenotypes. Additional contributions to our understanding of hematopoiesis have been obtained from studies of clones regenerated in vivo from mouse, monkey, or human cells, which were tracked in syngeneic, autologous, or xenogeneic recipients by limiting dilution analysis, [2] [3] [4] by vector insert [5] [6] [7] [8] or barcoding strategies, [9] [10] [11] [12] or by using single-cell transplants. [13] [14] [15] Interestingly, these analyses have shown evidence of extensive clonal heterogeneity in the rate of expansion, durability, and differentiation activity of individual hematopoietic cells with repopulating activity from these multiple species. However, more extensive investigation of these features in transplants of human hematopoietic cells remains a subject of active interest. The development of highly immunodeficient mice that live long enough to permit extensive periods of follow-up of engrafted human cells 16, 17 now offers an additional model to investigate these issues.
Improvements in the utility of clinical hematopoietic transplants require knowledge of how nonlimiting doses of transplanted cells will behave. Evidence of heterogeneity in the activity of serially transplantable clones generated in short-lived immunodeficient mice under nonlimiting transplantation conditions has been previously reported for human cord blood (CB) cells using viral integration site tracking. [18] [19] [20] [21] However, the sensitivity and resolution of these analyses have generally precluded investigation of the outputs of specific blood cell lineages within individual clones. The development of barcoded lentiviral libraries and their use in combination with massively parallel sequencing (MPS) and appropriate bioinformatic tools to infer cell numbers from barcode frequencies now allows these limitations to be circumvented (Nguyen et al, submitted 2013). 22, 23 Here we have exploited this technology to interrogate the patterns of clonal growth kinetics and differentiation detectable by serial sampling of bone marrow (BM) cells aspirated from primary and secondary NOD/ SCID-IL2Rg 2/2 (NSG) mice transplanted with nonlimiting transplants of purified human CD34 1 CB cells during a combined period of 13 months.
Methods

Barcode library
The library of barcoded green fluorescence protein (GFP)-encoding lentiviruses used has been described in detail elsewhere (Nguyen et al, submitted 2013). Briefly, we constructed a plasmid library using forward and reverse oligonucleotide sequences (59-TCGAGAAGTAANNATCNNGATSSAAAN NGGTNNAACNNTGTAAAACGACGGCCAGTGAGC-39 and 59-CCGGG CTCACTGGCCGTCGTTTTACANNGTTNNACCNNTTTSSATCNNGA TNNTTACTTC-39) that were then annealed, purified, ligated into the MNDU3-PGK-GFP (MPG) vector 24 ( Figure 1A ) and expanded in DH10B bacteria (Life Technologies). Deep sequencing of plasmids purified from the pooled amplified bacteria (MaxiPrep; Qiagen) showed these contain more than 2 3 10 5 unique barcodes. These plasmids were then used to The barcode sequence was designed with variable nucleotide doublets (NN) repeated 5 times, each separated by a constant nucleotide triplet sequence as previously described. 10 (B) Schematic outline of the experimental design. CD34 1 CB cells were transduced with the lentiviral barcode library for 6 hours in vitro, of which 10 5 cells (;3.6 3 10 4 barcoded cells) were then intravenously transplanted into each of 2 sublethally irradiated NSG mice. BM aspirates were collected, total human CD45 1 analyzed, and myeloid, B-, and T-cell subsets of GFP 1 and GFPcells were also separately isolated by FACS. After 27 weeks, all BM cells were harvested separately from both legs and pelvis of both primary mice. From one mouse, half the cells were sorted for clonal analysis and the other half were transplanted intravenously into 2 secondary mice. From the second primary mouse, all harvested BM cells were sorted and used for clonal analysis. (C) Analysis of clonal dynamics in the 2 transplanted primary mice. The upper blue line denotes the total number of human hematopoietic cells in the BM of each mouse (assumed to have a total cellularity of 2 3 10 8 ) and the upper green line denotes the total number of GFP 1 cells in each mouse. Each color underneath denotes the total contribution of all of the lineages detected in each clone, as inferred from the BM sample analyzed. Black checked and shaded regions indicate the detection limit of the FACS (5 3 10 4 cells) and MPS (variable) methods, respectively. produce a library of barcoded lentiviruses in a supernatant containing 10 9 infectious units/mL as titered on HeLa cells.
CB cell preparation, transduction, and transplantation
We used an EasySep kit (STEMCELL Technologies, Vancouver, BC, Canada) to obtain a suspension of 2.4 3 10 5 cells containing 90% pure CD34 1 cells from previously cryopreserved low-density (,1.077g/cm 3 ) cells pooled from .100 anonymized normal CB samples obtained from women undergoing cesarian sections. After 16 hours of prestimulation in 100 mL of Stemspan medium (STEMCELL Technologies) containing 100 ng/mL FLT3-Ligand (FL; Immunex, Seattle, WA), 100 ng/mL Steel factor, 20 ng/mL granulocyte colony-stimulating factor (G-CSF; both from STEMCELL Technologies), 20 ng/mL interleukin-3 (IL-3; Novartis, Basel, Switzerland), and 20 ng/mL IL-6 (Cangene, Winnipeg, MA, Canada), the cells were washed and then incubated for another 6 hours in the same medium containing the library of barcoded GFP-encoding lentiviruses. The cells were then washed, one sixth (;4 3 10 4 ) removed to measure the efficiency of gene transfer, and the remainder (;2 3 10 5 ) immediately combined with 2 3 10 6 irradiated (15 Gy) human BM "carrier" cells and half of this combined suspension transplanted intravenously into each of 2 irradiated (315 cGy 137 Cs g-rays) 8 week-old NSG mice. Two secondary recipients were similarly transplanted, each with 25% of all the BM cells harvested from mouse #1 (;7 3 10 6 cells/secondary mouse). The efficiency of gene transfer (;30%) was obtained by flow cytometric assessment of the proportion of GFP 1 cells in the aliquot that were removed after initial exposure to the virus and then incubated for 3 days. The Research Ethics Board and the Animal Care Committee of the University of British Columbia approved all studies.
Isolation of defined phenotypes of human cells from transplanted mice
BM cell samples were first incubated in 0.8% NH 4 Cl (STEMCELL Technologies) on ice for 10 minutes, and then suspended in PBS containing 10% human serum and an anti-mouse FcR antibody (2.4G2; STEMCELL Technologies) for another 10 minutes on ice before being stained with individual fluorochrome-labeled anti-human CD3 (SK7), CD15 (HI98), CD19 (4G7), CD45 (2D1), (all from BD Biosciences, San Jose, CA), CD33 (P67.6) (STEMCELL Technologies) and glycophorin A (GPA, 10F7MN; from P. Lansdorp, Terry Fox Laboratory, Vancouver, BC, Canada) antibodies for 30 minutes on ice. Cells were then washed and resuspended in Hanks' buffered salt solution with 2% fetal calf serum and 0.2 mg/mL 49,6-diamidino-2-phenylindole (DAPI). Specific phenotypes of viable (DAPI-) human cells were isolated using a FACSAria II cell sorter (BD Biosciences) using gates established to exclude all mouse BM cells based on simultaneously analyzed BM cells from nontransplanted NSG mice. Human phenotypes analyzed were defined as total hematopoietic (CD45 1 and/or GPA 1 ) cells, myeloid cells as CD15/33 1 (granulocyte1macrophage, GM and occasional GPA 1 erythroid) cells, B-lymphoid cells as CD19 1 cells, and T-lymphoid cells as CD3 1 cells. Samples were considered positive for a given phenotype when a minimum of 5 positive events was seen per 20 000 DAPI 2 cells analyzed.
MPS and barcode retrieval
Genomic DNA was extracted using PrepGEM DNA extraction kit (ZyGEM). A fault-tolerant sequence-based index was introduced during library construction to uniquely identify libraries pooled for sequencing in a single lane as described previously. 25 Barcode amplicons were generated in an initial 35-cycle PCR reaction using sequence-specific primers with adaptors compatible with Illumina PE1 and PE2 primers (Illumina, Inc., Hayward, CA), and then indexed in a second 8 to 10 cycle PCR reaction. The individual amplicon libraries were then pooled at equimolar ratios, and sequenced by indexed paired-end sequencing on the Illumina HiSequation 2000 platform. A control phiX library was spiked into the library pool before sequencing (;40% by mole) to improve cluster recognition. Barcode sequences were extracted from the resulting qseq files using custom scripts designed to identify the 2 flanking viral vector sequences and the 27 nucleotide barcode sequence allowing up to 3 mismatches and a minimum base quality of 20.
Thresholding and clone size calculations
For each of the 78 experimental datasets analyzed, the abundance of unique barcodes was enumerated along with those obtained from a set of 3 "spiked-in" reference controls of 20, 100, and 500 cells containing a known single barcode (supplemental Table 1A , available on the Blood Web site), as described (Nguyen et al, submitted 2013). The association curves for these spiked-in reference controls showed minimal variability between datasets (standard deviation ,1 cell equivalent from calculated fraction-read abundance values, supplemental Table 1B-C). Raw barcode abundance values were transformed to absolute cell numbers using a polynomial regression fit to the reference control fractional read counts. The total number of cells of a particular phenotype within each clone in the entire mouse at a given time was then calculated from the total number of GFP 1 cells of that phenotype detected in the BM, assuming a total of 2 3 10 8 BM cells per mouse. When the number of human cells fell below the frequency detectable by fluorescence-activated cell sorting (FACS) (0.025%), this latter lower limit value was used. Adding the total number of cells of all phenotypes analyzed yielded the total clone sizes. To calculate the clone-specific ratio of myeloid and lymphoid contributions to the total human myeloid and lymphoid cell outputs [GM/(B1T) ratio], separate clone-specific GM (F GM ) and B (F B ) 1 T (F T ) contributions to the total GFP 1 GM and GFP 1 B 1 GFP 1 T values in the same mouse were determined and then were expressed as a ratio (F GM )/(F B ) 1 (F T ).
Results
Experimental design and validation of the barcode monitoring strategy applied to CB transplants in NSG mice Figure 1B shows the experimental design used in which 2 sublethally irradiated NSG mice were each injected intravenously with 10 5 CD34 1 CB cells exposed to a highly diverse barcoded library of lentiviruses using a protocol designed to achieve a transduction efficiency (;30%) that would be unlikely to yield more than a single barcode integrant per cell. BM aspirates containing ;2 3 10 6 cells each were subsequently obtained for analysis 4, 9, and 16 weeks afterward. After 27 weeks, the 2 primary mice were sacrificed, and aliquots of BM cells from the pelvis and each hind leg were harvested and analyzed separately. In addition, 14.4 3 10 6 cells from primary mouse #1 (representing ;25% of all the BM cells recovered) were transplanted into 2 secondary NSG mice (7.2 3 10 6 cells each), and these mice were then similarly followed for another 24 weeks. Each BM sample was stained with a panel of antibodies to allow multiple phenotypes of human hematopoietic cells to be quantified and the GFP 1 subset of each isolated by FACS. Examples are shown in supplemental Figure 1 , and all of the values obtained are shown in supplemental Table 2A -B. Genomic DNA was then extracted from each phenotypically defined isolate, and barcode contents were determined by MPS.
To quantify the clonal distributions of human myeloid and lymphoid cells within each sample, we first transformed the barcode frequency values obtained from the MPS data into cell numbers, based on the spiked-in reference control data included in each sample as described in Methods (see also supplemental Table 1A-C; supplemental Figure 2A ). These standardized reference controls allowed technical biases to be normalized across all experimental samples. They also established confidence thresholds and allowed spurious barcodes to be identified based on their read abundance. The results predicted that clonal elements present at an absolute level of 100 cells or more would always be detected, but would be missed one third of the time if present at an absolute level of 20 cells. In the secondary recipients, the calculated likelihood of detecting a clonal contribution was 100% if 500 or more cells were present and 55% if 20 to 100 cells were present (supplemental Table 3A-B) . Conventional FACS analysis (which in these analyses had a lower limit of detection of 1 human cell in 2 3 10 4 viable cells analyzed) showed that human hematopoietic cells comprised from 46% to 80% and 47% to 95% of all the cells in the BM of the primary mouse #1 and #2, respectively, between 4 and 27 weeks after the initial transplant was performed (assuming the BM aspirates were representative of the total BM). These numbers indicate a high level of engraftment of both mice with CB cells for at least 7 months. The proportion of these that were GFP 1 (ie, barcoded cells) generally mirrored the total human hematopoietic (CD45 1 ) cell numbers in both primary mice throughout the same period, on average at levels of 20% to 30% ( Figure 1C) , similar to the gene transfer efficiency value of ;30% obtained from the initial in vitro assessment of the bulk CD34 1 cells. The numbers of human cells derived from the barcode-read abundance calculations and phenotypically by FACS were also highly correlated (Spearman r 5 0.7; see supplemental Figure 2B ). These findings reinforce the validity of the methodology used to derive clone size and composition values in the samples used to generate barcoderead numbers (complete data sets provided in supplemental Table 4 ). They also suggest that the data for the transduced cells are generally representative of the behavior of the nontransduced human cells present in the same mice and were not affected by any obvious insertional mutagenesis mechanism.
Clones produced in primary mice display multiple output patterns throughout a 7-month period
The barcode data for the 2 primary mice showed that they contained a large number of clones of human hematopoietic cells: 116 in mouse #1 and 58 in mouse #2 ( Figure 1C ; supplemental Figure 3A ). Classification of these 174 clones according to the time at which each was first detected showed different kinetic patterns (Figure 2A) . These included the rapid appearance of a large cohort of clones detectable at 4 weeks posttransplant but no longer at 9 weeks or subsequently (89% of the 76 clones detected at 4 weeks). A total of 58% of the 59 clones that were detected at 9 weeks posttransplant, were not evident in samples obtained after 16 weeks, and as many as a third of the clones that were not apparent in samples obtained before 16 weeks were no longer evident in the much larger samples of BM analyzed when the primary recipients were sacrificed at 27 weeks posttransplant. Conversely, most of the 50 clones that were detected at the end of the 7-month period of follow-up in the primary mice were usually not apparent until week 9 or even later (Figure 2A) .
Examination of the clonal distribution of the human GM, B-, and T-lineages present in each sample analyzed showed that 29% (20/68) of the clones evident only in the 4-week BM aspirates contained exclusively GM (CD15/33 1 ) cells (Figure 2A; supplemental Figure 3A ). The remaining 48 of these early "transient" clones contained only B-lineage (CD19 1 ) cells, or both GM and B cells. T cells (CD3 1 ) were detected in 19 of the 174 clones identified in the primary mice, and only in clones that were first detected 16 weeks posttransplant (Figure 2A) . Interestingly, 11 of these T-cell-containing clones contained at least one other lineage and continued to be detectable at 27 weeks posttransplant, although the additional lineages seen in them were variable (one with B cells only, 3 with myeloid cells only, and 7 with all 3 lineages at some point, although not necessarily simultaneously). The more durable clones showed no consistent pattern of mature cell content, although a sustained, high level content of lymphoid and myeloid cells (increasing M1B1T cells and/or persistent M1B cells) in them was frequently evident ( Figure 2B ; supplemental Figure 3B ). However, 11 of the clones that were first seen in the harvested week-27 BM cells were still For personal use only. on September 13, 2017. by guest www.bloodjournal.org From relatively small at that time (,6 3 10 4 cells/clone), with only myeloid (5/11) or only lymphoid cells (6/11) detected in them (supplemental Figure 3B) .
Previous studies of the clonal outputs of syngeneic transplants of mouse hematopoietic cells have shown that clones that can be serially propagated retain robust myeloid cell production but may vary markedly in their lymphopoietic activity. 9, 15, 26, 27 It was therefore of interest to determine whether the long-term clones generated from human CB cells (ie, the 50 evident at 27 weeks posttransplant) might show a similar segregated pattern of mature cell output, using the same definitions applied to the mouse clones. This involved first determining the ratio of the myeloid (GM) and lymphoid (B1T) cell contributions of each clone detected at 27 weeks to the total concomitant outputs of human myeloid and lymphoid cells in the same mouse at the same time. We then displayed these relative contributions to the total human myeloid and lymphoid lineages in each mouse as a ternary plot ( Figure 3A) . The derived GM/(B1T) ratios varied over a wide range (.6000fold), similar to the spread of values seen in mice, 9, 15 and were also unrelated to the size of the clone ( Figure 3B ). However, it is interesting to note that a majority (52%) of the human CB cellderived clones present 27 weeks posttransplant showed a high GM/(B1T) ratio (.1), which is highly predictive of durable selfrenewal potential in the mouse. 26 In conclusion, a large number of human barcoded clones could be detected in serial BM aspirates obtained from NSG mice transplanted with sufficient numbers of CD34 1 CB cells to produce high levels of repopulation for 7 months (;5% to 10% of the mouse BM). Overall, the results showed a pattern of appearance and longevity expected from previous analyses of transplants of purified subsets of CB cells. 1 Analysis of the lineage content of each clone sampled provided formal evidence of a few that produced GM, B-, and T cells, although the apparent representation of these lineages was diverse between clones and within clones throughout time.
Spatial heterogeneity in the lineage content of clones present 7 months posttransplant
To determine the extent of heterogeneity in the distribution of long-lived clones in different BM sites, we examined the clonal representation of human myeloid, B-and T cells in the pelvis and each of the hind legs of both primary mice at the time of their sacrifice 27 weeks posttransplant. One third of the 50 clones detected were present in all 3 BM sites examined (supplemental Figure 4A) , although the lineage representation in the different BM sites was variable ( Figure 3C ; supplemental Figure 4B ). The remaining clones were less homogeneously distributed, particularly those that were relatively small in size (,5.5 3 10 5 cells/clone; see supplemental Figure 4C ). These findings suggest constrained mobility of the progeny of CD34 1 CB cells when these are transplanted at nonlimiting conditions.
Clones perpetuated in secondary mice also show varied growth and differentiation patterns
We next examined the number, time of appearance, size, lineage content, and origin of clones detected in serial BM aspirates obtained from secondary recipients of BM cells harvested from one of the primary mice ( Figures 1B and 4A) . 19% of the clones apparent in the primary mouse when it was sacrificed 7 months posttransplant gave rise to detectable clones in secondary mice, and the lineages detected in these were again highly variable over time ( Table 1 ). The 2 most robust clones (#96 and #110) showed lympho-myeloid differentiation activity in both the primary and the secondary mice ( Figure 4B ). Clone #96 appeared early in the primary mouse (week 9), but persisted only to week 4 and 12 in the 2 secondary recipient mice, respectively. In contrast, clone #110 appeared later (week 16) in the primary mouse and persisted to week 24 in both secondary recipients ( Figure 4A-B) , demonstrating a sustained robust output of multiple types of blood cells for at least 51 weeks. In another 5 clones, B cells M  B  T  M  B  T  M  B  T  M  B  T   Primary recipient  4  ------------9  ---23  --32  121  ----16  78  --198  792  -122  618  -242  335  -27  511  364  13  318  239  87  113  759  - Week Clone 94 Clone 98 Clone 113 were exclusively and transiently evident in the samples obtained at week 8 in the secondary mice, including one (#94) in which only B cells had been transiently detected at week 9 in the primary mouse.
Detectable T-cell production in the primary host did not appear to be associated with secondary repopulating activity (supplemental Table 5 ). A total of 22 small clones (,8 3 10 4 cells, S1-S22) were detected for the first time and only at a single time in secondary mice. In most of these, only a single lineage was evident (supplemental Table 6 ), although 3 (#S2, #S3, and #S11) were evident in both of the secondary recipients, and, for 5, the identifying barcode sequence was detected in the primary recipient but was below the reliable detection threshold (supplemental Table 7 ). None of the human cells produced in the secondary mice included a T-cell component (supplemental Table 6 ).
The results obtained from the secondary mice thus establish the ability of multipotent CB cells with long-term repopulating activity to execute self-renewal divisions in NSG mice. They also suggest a very delayed onset of production of differentiated cells from some transplanted CB cells.
Discussion
This study provides a first detailed description of the in vivo growth and differentiation dynamics of clones generated by transplants of nonlimiting numbers of human CD34 1 CB cells evident from serial BM aspirates obtained during a period of 13 months in primary and secondary NSG mice. In the 2 primary mice that were each transplanted with ;3.6 3 10 4 barcoded cells (plus ;6.4 3 10 4 nontransduced cells), 174 clones surpassed our detection threshold in the BM aspirate or final BM harvest assessed. This number indicates a minimal frequency of repopulating cells within the CD34 1 cell For personal use only. on September 13, 2017. by guest www.bloodjournal.org From compartment of ;0.2%. Of the 174 clones, 50 were still large enough to be detected at 7 months posttransplant. This frequency translates to ;0.05% to 0.1% of the CD34 1 CB population, a value that is remarkably consistent with previously reported frequencies of total CB repopulating cells derived from limiting dilution transplant data. 28 However, it is quite possible that the number of clones detected in our study represents an underestimate given that, before sacrifice, all clone numbers were derived from the small fraction (0.01% to 1%) of the total BM obtained in serial femoral aspirates. The heterogeneity in lineage representation of many clones between different BM sites as late as 27 weeks posttransplant also suggests that primitive human hematopoietic cells recirculate throughout the host less frequently than anticipated from experiments in mouse parabionts. 29 This finding has important implications for tracking studies that typically rely on sampling a single BM site.
Importantly, 2 clones from one of the primary mice (#1) showed robust self-renewing, multilineage differentiation activity in secondary recipients. Thus, the frequency of CD34 1 CB cells capable of sustained self-maintenance of multipotency must be at least 0.02% (2 out of 3.6 3 10 4 barcoded cells transplanted into the first primary mouse), and is likely higher because of the multiple detection caveats inherent in deriving this estimate. In addition to sampling limitations, differences in the supportive properties of the microenvironment within the mice used as recipients, would affect the extent to which different lineage progenitors are stimulated to produce mature progeny, and hence, influence the timed appearance, size, and composition of individual clones. This is well exemplified by the relatively exaggerated output of maturing human B-lineage cells relative to GM cells, and the almost complete lack of human erythropoiesis in this xenograft model.
It was thus reassuring to obtain results that are consistent with previous evidence that human myeloid and B-lymphoid cell production in transplanted recipients is initially derived from cells with transient repopulating activity and later (after 16 weeks) from cells that establish more durable clones. 6, 8, 17, 21, [30] [31] [32] [33] [34] [35] These findings also mirror the prolonged periods (>16 weeks) required to distinguish outputs of mature blood cells from biologically distinct subsets of mouse 11, 26, 36 and monkey cells 7 with durable vs extensive, but limited, self-renewal ability. 26, 36 They are also consistent with the demonstrated association of rapid but short-term repopulating activity of human CD34 1 hematopoietic cells that are CD38 130,34 and lack aldehyde dehydrogenase activity. 35 However, our barcoding data detected a greater lineage output diversity in the early transient clones than has been previously documented. Thus, more extensive clonal tracking strategies using the approach described here should be valuable to delineate molecularly the process of lineage restriction in primitive human hematopoietic cells.
An interesting finding was the high number of small clones that were detected late in both primary and secondary mice including some in which only a single lineage of mature cells was detected. Assuming such clonal growth behavior is not entirely a result of sampling variations, it could suggest that the cells from which these clones arose, or their initial progeny, remained largely quiescent, died, or, in some cases, executed exclusively self-renewal divisions in the primary mice before generating an expanded, albeit limited, population of differentiated cells in the secondary mice. Alternatively, such a result could reflect the operation of mechanisms that limit the activation of repopulating cells when nonlimiting numbers of cells are present in the same environment, or it could reflect inadequacies of the mouse environment to elicit the potential of transplanted human cells. Further studies will be useful to discriminate among these possibilities.
This study also provides the first definitive evidence of human CD3 1 T-cell generation from CD34 1 CB cells with multilineage differentiation potential. Consistent with a recent study of bulk transplants of ALDH 1 CB cells, 33 clones containing T cells were not detected within the first month posttransplant. We also noted a progressive time-dependent decline in human lymphoid cell output without a concomitant decrease in myeloid cell production both within clones and in clones that appeared at later times (supplemental Figure 4C ) as noted in long-term studies of nontransduced cells. 37 The extensive and complex patterns of clonal activity evident from an examination of 2 xeno-transplanted NSG mice attests to the feasibility and power of the barcoding methodology to identify many clones generated in the BM of mice transplanted with nonlimiting numbers of human hematopoietic cells. Although this transplant model has many caveats, the high resolution and sensitivity of clone size detection afforded by MPS of barcoded cells should enable this strategy to be applied usefully for interrogating the effects of many types of manipulations of the human cells with in vivo repopulating activity.
